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Study  region:  The  Kanto  region,  Japan.
Study  focus:  Detailed  assessment  of  present  and future  climate  conditions  and their effects
on water  resources  in the  Kanto  region  of Japan  using  a modiﬁed  pseudo  global  warming
dynamical  downscaling  method  with  a numerical  weather  prediction  model.
New hydrological  insights:  In  future  climate  conditions,  results  on the change  in  annual
precipitation  are  scattered,  with  signiﬁcant  variations  in mean  annual  precipitation  and
the standard  deviation  in very  limited  areas.  In  contrast,  minimum  annual  precipitation  is
found  to decrease  and  years  with  low  rainfall  to be  more  frequent.  During  the  drier summer
season,  the  minimum  accumulated  rainfall  is expected  to become  smaller  across  a  wide
region  in the  future.  In addition,  frequency  distributions  of future  daily  precipitation  show
a decrease  of weak  precipitation  and  an  increase  of heavy  precipitation.  Such  variations
are  unfavorable  for water  recharge  and indicate  that  water  resources  management  will
become increasingly  difﬁcult  in the future  because  of  global  warming.  The  lower  rainfall
conditions  are  due to the  lower  relative  humidity,  more  frequent  stable  stratiﬁcations  and
sub-synoptic  atmospheric  conditions  leading  to  higher-pressure  anomalies  around  Japan.
©  2016  The  Author.  Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the CC
BY  license  (http://creativecommons.org/licenses/by/4.0/).
. Introduction
Global warming has worldwide signiﬁcance for human activities. To investigate the effects of climate change due to global
arming, projections using atmosphere-ocean coupled general circulation models (AOGCMs) provide important informa-
ion. However, the spatial resolution of AOGCMs is too coarse to permit assessment of the impacts of future climate change
n a speciﬁc region, basin, or city. Furthermore, some important regional features are often not resolved in AOGCMs. Detailed
nvestigations into the effects of climate change demand regional climate information with higher spatial resolution. There-
ore downscaling methods have been applied to AOGCMs output (Leung et al., 2003; Wang et al., 2004). Generally, there are
wo types of downscaling methods: statistical and dynamical downscaling methods. In statistical downscaling, statistical
elationships between global and regional climatic variables are used to generate higher-resolution regional climate infor-
ation. Dynamical and physical theories of meteorology are applied in dynamical downscaling using a numerical modelDickinson et al., 1989; Giorgi, 1990). The computational load of statistical downscaling is low, but it is uncertain whether
elationships that hold in the current climate would be applicable under future climatic conditions. Dynamical downscal-
ng (DDS) requires strong computational capability and the volume of the downscaling output is considerable. However,
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universal dynamical and physical theories can be applied to both current and future climatic conditions. Therefore, in this
study, DDS is used to produce higher-resolution climate information.
There are uncertainties in AOGCM climate projections, which are caused by uncertainty in future emission scenarios,
imperfect initial and boundary conditions, incomplete understanding of climate systems, and model imperfections. To
reduce these uncertainties, studies have proposed an analysis method based on projections from multiple AOGCMs, the
so-called multi-model ensemble method (Collins, 2007; Knutti et al., 2010). Such a concept is invaluable in assessments of
the effects of climate change using a DDS method. One problem to be addressed in DDS of future climate conditions is AOGCM
incompleteness. The purpose behind simulating past and current climates using AOGCMs is not to create perfect reproduc-
tions but to enable the general characteristics of the climate to be established. The ﬁner climate information generated as a
DDS output is strongly inﬂuenced by AOGCM bias (Kato et al., 2001). Therefore, it is difﬁcult to evaluate the reproducibility
of current climate conditions obtained by DDS with a forcing from an AOGCM. However, climatological reanalysis data can
be used for DDS forcing of past and current climates. To obtain future DDS outputs, Sato et al. (2007) generated initial and
boundary conditions by coupling 6-hourly reanalysis data and climatological monthly mean anomalies of global warming
extracted from an AOGCM. The resulting forcing data, which they called the pseudo global warming (PGW) condition, was
used for DDS of future climate to investigate precipitation in Mongolia. DDS was  applied to the present climate using both
reanalysis data and the AOGCM output, and demonstrated better reproducibility of DDS precipitation when using reanalysis
data than when using the AOGCM output. The two DDS results showed similar variations in future precipitation (i.e. decreas-
ing and increasing over northern and southern Mongolia, respectively). Yoshikane et al. (2012) examined the reproducibility
of downscaling results for future rainy seasons, or June climate, in Japan from DDS with PGW conditions. They found similar
characteristics between results based on PGW conditions and direct outputs from an AOGCM. These studies indicate the
potential of the PGW condition for generating reliable DDS results of future climate. Kawase et al. (2009) used DDS with
the PGW condition to examine activities of the Baiu rainband, which forms during June and July around Japan. They found
a southward shift and an increase in the precipitation from the rainband under future climate conditions.
In the above DDS studies, PGW conditions were generated from 6-hourly reanalysis data and climatological monthly
mean anomalies in future climate conditions. In that method, the range of inter-annual variations and the diurnal cycle
were the same as that for reanalysis data. In Xu and Yang (2012), atmospheric conditions for DDS were prepared with
climatological mean conditions using reanalysis data and 6-hourly future anomalies using an AOGCM. The DDS results with
the high-frequency (6-hourly) anomaly showed similar characteristics to the original AOGCM, and the root-mean-square
errors were smaller. In this study, PGW conditions for DDS were prepared with future high-frequency anomalies. Then, a
DDS method with high-frequency-anomaly PGW (hereafter, HF-PGW) conditions was  applied to the Kanto region of Japan
using output from ﬁve different AOGCMs in order to investigate future changes in precipitation. Herein, focus was given
to the Tone River basin which is the second longest river in Japan and ﬂows through the Kanto region. Furthermore, the
Tone River basin is the largest in Japan and precipitation in this basin forms the primary water resources for the Tokyo
metropolitan area. In 2012 and 2013, the total impounded water amount of eight dams in the basin fell to 40% of capacity,
and a 10% reduction in water intake was implemented. The potential impacts of climate change on future water resources
in the Kanto region, as addressed in this study, should be seen in the context.
In the next section, we describe the data and methods used for preparation of the HF-PGW conditions and DDS using a
numerical weather prediction model. In Sections 3, DDS results for the current climate are evaluated. General features of
future precipitation variability and its effects on water resources are discussed in Section 4. Relationships between limited
precipitation and atmospheric conditions are also examined in Section 4. Finally, we  present a discussion of the results and
our conclusions in Section 5.
2. Data and methods
2.1. Data
2.1.1. Japanese 25-year reanalysis
Japanese 25-year reanalysis (JRA-25) data, developed by the Japan Meteorological Agency (JMA), were used for down-
scaling of the present climate conditions and as the base state for the HF-PGW conditions. The global spectral model used in
JRA-25 has a spectral resolution of T106 and 40 vertical layers, with the height of the top layer set to 0.4 hPa. Atmospheric
variables in JRA-25 are converted from spectral to latitude–longitude coordinates with a resolution of 1.25◦ × 1.25◦. In
JRA-25, surface and upper air observations, and multiple satellite data are assimilated with a three-dimensional variational
method. More details of JRA-25 are provided by Onogi et al. (2007).
JRA-25 covers the period from January 1979 to December 2004. The reanalysis product from the JMA  Climate Data
Assimilation System (JCDAS) has been available since January 2005. JCDAS runs the same system as JRA-25. The same
quality and accuracy are expected in JRA25 and JCDAS; therefore, both products are considered as homogeneous data sets.
Using JRA-25 and JCDAS, we applied DDS to the 2000–2010 data to obtain detailed outputs regarding the current climate
conditions.
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Table  1
CMIP5 model outputs used.
IPCC ID Institute and Country Resolution Air temperature at 2 ma
Difference between
present and future (K)
Standard deviation of
annual mean value (K)
1 CNRM-CM5 Meteo-France, Centre Nationale de Recherches
Meteorologique(France)
T127, L31 1.05 0.38
2  GFDL-CM3 Geophysical Fluid Dynamics Laboratory (USA) 2deg × 2deg, L48 2.85 0.29
3  GISS-E2-R NASA/Goddard Institute for Space Studies
(USA)
2deg × 2.5deg, L40 1.04 0.32
4  MIROC5 Center for Climate System Research (the
University of Tokyo), National Institute for
Environmental Studies, and Frontier Research
Center for Global Change (Japan)
T85, L40 1.73 0.38
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B5  MRI-CGCM3 Meteorological Research Institute, Japan
Meteorological Agency (Japan)
T159, L48 1.36 0.31
a The results are calculated for the mean conditions of 1996–2005 with the spatially averaged value for 125◦E−150◦E, 30◦N−45◦N.
.1.2. CMIP5 global warming experiments
Climate projections of the ﬁfth phase of the Climate Model Intercomparison Project (CMIP5) were used for preparation
f the PGW conditions. In CMIP5 (Taylor et al., 2012), simulations of climate projections are conducted according to several
reenhouse gas emission scenarios, i.e., representative concentration pathways (RCPs). For example, in the RCP4.5 scenario,
he radiative forcing of the Earth becomes 4.5 W/m2 by the end of the 21 st century (Taylor et al., 2012). In this study,
rojections based on the RCP4.5 scenario were used. Global warming experiments have been performed by more than 30
OGCMs developed in various research institutes around the world. We  selected ﬁve AOGCM projections for preparation
f the HF-PGW conditions, details of which are presented in Table 1. We used 6-hourly AOGCMs outputs to prepare the
F-PGW conditions. To run the Weather Research and Forecasting (WRF) model, we need ﬁelds of atmospheric pressure, air
emperature, speciﬁc humidity, and wind. However, only a limited number of CMIP5 AOGCMs provide a 6-hourly output of
hese variables. These ﬁve AOGCMs were selected. Fig. 1 shows Taylor’s diagram of air temperature and speciﬁc humidity at
ifferent levels for each 3-month period. Spatial correlation coefﬁcients between each AOGCM and JRA-25 using climatolog-
cal 3-monthly mean conditions (1980–2000 average) were calculated for the region 120◦E–150◦E and 20◦N–50◦N. Standard
eviations of AOGCM output values were normalized by dividing values by those of JRA-25 in order to simultaneously com-
are different variables. For the 3-month period of DJF (December, January, February), MAM  (March, April, May), and SON
September, October, November), almost all variables show correlation coefﬁcients larger than 0.9. In JJA (June, July, August),
orrelation coefﬁcients are smaller than for other seasons. Speciﬁc humidity at 500 hPa has a smaller correlation coefﬁcient
han other variables in all seasons. However, all correlation coefﬁcients are higher than 0.8, showing that climatological
patial patterns of atmospheric conditions are well reproduced in these ﬁve AOGCMs. Standard deviations show a certain
mount of scatter. Variability between the model and the variables was  large, especially in JJA. In other seasons, values were
lose to 1.0, meaning that climatological conditions in the AOGCMs were similar to the reanalysis. These results indicate
hat atmospheric conditions in the AOGCM outputs had some quantitative differences, but spatial patterns were similar to
he reanalysis data.
.1.3. Other data
For land surface conditions in the numerical weather prediction model (distribution of sea ice, land sea mask, surface
levation, soil type, and vegetation type), NCEP Final Operational Global Analysis data (NCEP FNL) were used. These tempo-
ally constant data were prepared in the Global Data Assimilation System in NCEP with a spatial resolution of 1◦ × 1◦ (NCEP,
000).
For the lower boundary of the downscaling simulations, NOAA Optimum Interpolation 1/4◦ daily Sea Surface Temper-
ture Analysis (NOAA OI SST) data were used (Reynolds et al., 2007), which have a spatial resolution of 0.25◦ × 0.25◦ and
 1-day temporal resolution. This product uses Advanced Very High Resolution Radiometer (AVHRR) infrared satellite SST
ata. However, since June 2002, AVHRR and Advanced Microwave Scanning Radiometer SST data have been used. In situ
bservation data from ships and buoys are included for large-scale bias adjustment of the satellite products.
The downscaling results for precipitation in the present climate were validated with in situ precipitation observations
rom the Automated Meteorological Data Acquisition System (AMeDAS) and meteorological observatories of the JMA.
.2. Method for dynamical downscaling
WRF  model version 3.4 (Skamarock et al., 2008) was adopted for downscaling of present and future climate conditions.
 two-level, two-way nesting grid system was applied to the downscaling (Fig. 2). The parent domain (D01), with a 30-
m resolution, was centered on the Kanto region, encompasseing the Japanese islands. The ﬁner-scale domain had a 6-km
orizontal resolution. Both domains had 35 vertical layers and the top of the modeled atmosphere was at 10 hPa. The
etts–Miller–Janjic microphysics (Janjic, 1994, 2000) and Lin ice cumulus parameterization schemes (Lin et al., 1983) were
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Fig. 1. Taylor’s diagram of atmospheric temperature at 850, 500 and 250 hPa (TA850, TA500 and TA250) and speciﬁc humidity at 850 and 500 hPa (HUS850
and  HUS500) around the study area (D01) from ﬁve AOGCMS for DJF, MAM,  JJA, and SON.
Fig. 2. Study area for downscaling. Darker and lighter shades indicate parent and inner domains, respectively. Spatial resolutions are 30 km and 6 km for
the  parent and inner domain, respectively. Area surrounded by white line in the inner domain indicates the Tone River Basin. An open square shown in the
right-hand side panel is a target area of analysis.
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Table  2
Standard deviations of monthly mean air temperatures at 2 m above ground, 850hPa, and 500hPa. Avg. and Corr. indicate the average value for 12 months
and  correlation coefﬁcient between JRA25/JCDAS and each AOGCM, respectively.
T2m TA850 TA500
Avg. Corr. Avg. Corr. Avg. Corr.
JRA25/JCDAS 0.69 – 0.99 – 1.06 –
CNRM-CM5 0.65 0.49 0.95 0.75 1.07 0.62
GFDL-CM3 0.70 0.50 1.05 0.77 1.19 0.78
GISS-E2-R 0.72 0.16 0.97 0.25 1.05 0.56
MIROC5 0.58 0.48 0.92 0.61 1.06 0.60
MRI-CGCM3 0.64 0.42 0.92 0.47 1.02 0.69
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sed to calculate precipitation in the model. Planetary boundary layer processes were calculated using the Yonsei University
on-local-K scheme (Hong et al., 2006). Physical processes of the surface layer and land surface were calculated using
he Monin–Obukhov with Carlson–Boland viscous sublayer scheme (Jiménez et al., 2012) and Noah land surface model
Chen and Dudhia, 2001), respectively. For longwave and shortwave radiation, the rapid radiative transfer model with the
onte–Carlo independent column approximation method of random cloud overlap (Iacono et al., 2008) was used. An outline
f the model settings is given in Table 2. The simulation length of WRF  was 6 months and 10 days for spin-up. The simulation
as re-initialized every 6 months.
For downscaling of the present climate, the initial and boundary conditions were prepared from JRA-25, NCEP-FNL,
nd NOAA OI SST data sets. The DDS target period was from 2000 to 2010. Hereafter, simulation of the present climate
s called CTL. For the future climate, the HF-PGW conditions were generated as follows. Firstly, climatological monthly
onditions (averaged over 2001–2010) were calculated by JRA25 and JCDAS (Fig. 3b). Secondly, 6-hourly anomalies were
etermined by differences between the 6-hourly future projections and the climatological monthly mean present conditions
n a reproductive historical run of CMIP5 (Fig. 3c and d). The present conditions were deﬁned as 10-year monthly means from
001 to 2010 (or 1996–2005 for some AOGCMs outputs). The period to make the climatological mean present condition is
ifferent from the DDS target period by using JRA-25 (2000–2010). The difference between these periods (1996–2005 and
000–2010) are not thought to be critical for the purpose of this paper to examine climatological variability. Then, modiﬁed
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global warming conditions were calculated by adding the future 6-hourly anomalies to the present climatological monthly
mean conditions derived from JRA-25/JCDAS (Fig. 3e). The target future period was  from 2060 to 2070 in this study, and
the anomalies were generated for each 6-hourly step in that period. As mentioned in the introduction, PGW conditions in
past studies had the same range of inter-annual variations and diurnal cycles as that of the reanalysis data. However, in this
study, the future inter-annual variation and the diurnal cycle were included in HF-PGW conditions. Therefore, features of
short-term meteorological events in HF-PGW conditions (e.g., frequencies and length of extreme events such as typhoons)
are expected to be the same as in future projections by AOGCMs. Standard deviations were calculated for the annual mean
air temperature at 2 m from the Earth’s surface (hereafter T2m) in the reanalysis data and for each AOGCM. This was  done
for the period 1996–2005 using the spatially averaged value for 125◦E−150◦E, 30◦N−45◦N. The standard deviation of the
reanalysis data was 0.38. The values of AOGCMs were smaller than that of the reanalysis (Table 1) but the differences were
not very signiﬁcant. The ranges of interannual variation of T2 m in AOGCMs are therefore considered comparable to that
of the reanalysis. Fig. 4 shows the standard deviation of the monthly mean T2 m for the period of 1996–2005. Reanalysis
results show that the interannual variation of the monthly mean T2 m was approximately 0.5 to 0.9 (average is 0.69). The
range of the interannual variation tends to be larger in winter than in summer. Results of the CMIP5 AOGCM outputs were
scattered with some larger and others smaller than the reanalysis data, but in general comparable to these data. Figs. 4b
and c are the same as Fig. 4a but for the atmospheric temperatures at 850 hPa (TA850) and 500 hPa (TA500), respectively.
In many AOGCMs, standard deviations of TA850 during the fall season were smaller than of the reanalysis data. In other
periods, these standard deviations were scattered around the results of the reanalysis data. Seasonal patterns in the standard
deviations of AOGCMs were similar to those of the reanalysis data. Such characteristics are also recognized in TA500. Table 2
shows summary of the standard deviations of climatological monthly mean air temperature (average of the twelve months,
and correlation coefﬁcient between the reanalysis and each AOGCM). Results of CNRM-CM5 and GFDL-CM3 show average
standard deviations comparable to the reanalysis, and higher correlation coefﬁcients than other AOGCMs. MIROC5 and MRI-
CGCM3 show smaller standard deviations, or interannual variations are smaller than the reanalysis. Correlation coefﬁcients
of these two AOGCMs tends to be smaller than CNRM-CM5 and GFDL-CM3. Average standard deviations of GISS-E2-R are
comparable to the reanalysis data. But correlation coefﬁcients are smaller than others, indicating lower reproducibility of
seasonal progression. Done et al. (2015) applied a similar modiﬁcation (i.e. modiﬁcation with a high-frequency-anomaly) of
atmospheric conditions and indicated that differences were recovered between the variance in reanalysis and in an AOGCM
using a regional model simulation. Using the HF-PGW method, not only climatological mean conditions but also deviations
can be investigated from the downscaling results of future climate conditions.
A set of HF-PGW conditions was prepared for atmospheric temperature, wind, pressure reduced to mean sea level,
surface pressure, speciﬁc humidity, and surface skin temperature. Spatial mean differences of T2 m between the present and
future conditions for each AOGCMs were calculated for D01 (Table 1). These climatological differences can affect the mean
conditions in CTL and in each HF-PGW runs. For SST, the anomalies were calculated on a daily basis and added to the present
climatology from the NOAA OI SST data set. The initial and boundary conditions of the downscaling were reinitialized every
6 months. Initial conditions for soil moisture and temperature were not given by speciﬁc temporal data, However, Sato et al.
(2007) performed downscaling experiments with different soil conditions, ﬁnding that the effects of initial soil conditions
on precipitation were not always important.
3. Results of control run
Fig. 5 shows a scatter plot of mean annual precipitation from the AMeDAS and CTL. Values are 2000–2010 averages for 129
observation sites in D02. Annual precipitation in CTL is overestimated. The ratio of CTL precipitation to AMeDAS observations
averaged for the target sites is 1.39, i.e. CTL annual precipitation was, on average about 40% greater than the observed data.
The correlation coefﬁcient between CTL and AMeDAS mean annual precipitation is 0.71, suggested that CTL can reproduce
the spatial patterns of annual rainfall with reasonable accuracy. Giorgi and Mearns (1999) presented an overview of several
issues with regional climate modeling, ﬁnding that models that are relatively good at forecasting up to a few days ahead
often exhibit large biases when run in climate mode. In our study, downscaling runs were re-initialized every 6 months, so
it is expected that the aggregated biases have caused the overestimation.
Comparisons of the temporal variations in monthly precipitation by the AMeDAS and CTL at speciﬁc locations in the
study area show favorable results (not shown). The mean correlation coefﬁcient between AMeDAS and CTL monthly pre-
cipitation calculated for 129 observation sites during the 11 years (132 months) is 0.66. There is a clear seasonal difference
(rainy summer and dry winter) in the Kanto region. From June through September, there is considerable rainfall brought
by the Baiu frontal system, typhoons, and the autumn rain front. In contrast, there is very little precipitation during winter.
The correlation coefﬁcient results indicate that the downscaling results of the CTL reproduced the seasonal precipitation
variability in the Kanto region relatively well.
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. Future variations in precipitation characteristics
.1. General characteristics of future variations
Fig. 6 shows the future variations in mean annual precipitation for each HF-PGW run. The results show the differences in
recipitation during the study period (11 years in both future and present climate conditions) between each HF-PGW run
nd the CTL. In HF-PGW-1, 2, and 5, there is a trend for increasing precipitation over a wide area of D02, although statistically
igniﬁcant change (5% signiﬁcance level) is observed in a very limited area only. In HF-PGW-3, a decreasing precipitation
rend is dominant and signiﬁcant.
Fig. 7 shows the differences in standard deviation of annual precipitation between HF-PGW runs and the CTL. In HF-PGW-
 the standard deviation decreases across a wide area of the Kanto region, but signiﬁcant decreases are scarce. In contrast,
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Fig. 5. Comparison of mean annual precipitation by JMA observations and CTL. Results are averaged over 2000–2010. Units of x and y axes are mm.Fig. 6. Spatial distributions of the difference in mean annual precipitation between HF-PGW runs and CTL. Unit of the color bar is mm.  Areas with statistically
signiﬁcant differences (5% signiﬁcant level) are indicated by hatching.
the other four HF-PGW runs show an increasing trend. Many HF-PGW runs indicate an increasing interannual variation in
annual precipitation, including areas with signiﬁcant differences. Similar results showing increasing interannual variability
in the future climate have been found in other studies (e.g., Giorgi et al., 2004; Li et al., 2007). However, spatial patterns of
the variability differ between the HF-PGW runs, and common characteristics are not necessarily found in the results. Wu
et al. (2016) indicated effects of the arctic sea ice on the East Asian precipitation, and some teleconnection in the climate
system. To investigate the physical mechanisms underlying the changes in interannual variations, DDS for a wider region is
required.
For mean annual precipitation, there are no clear common features and very little signiﬁcant variation among the HF-PGW
runs (Fig. 6). However, results of the standard deviation indicate that the amplitude of interannual precipitation variability
may increase in the future climate. Those results indicate that average precipitation is comparable between present and
future climate conditions, but anomalies in extreme cases will become larger in the future. In the next section, extreme
cases of low rainfalls are examined.
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.2. Variations in low rainfall cases
Considering water resources, the characteristics of low rainfall (e.g., frequency of drought years and levels of drought)
re important. The ratio of minimum annual precipitation (AnPRmin) during the 11 years in the CTL and HF-PGW runs were
alculated by:
AnPRmin = min
(
AnP(k)CTL/PGW
AnP
CTL
)
(k = 1, 2, ..., 11) (1)
ere, AnP(k)CTL/PGW is the annual precipitation in the CTL or PGW run in the k-th year of the study period and AnPCTL is the
ean annual precipitation in the CTL. The AnPRmin of the CTL averaged for the Kanto region (138.25E-141E, 35N-37.25N,
ndicated in Fig. 2) is 0.815 (Table 4). The result indicates that at least 81.5% of the 11-year mean annual precipitation should
e expected, even in a dry year. The AnPRmin of HF-PGW-1 is also larger than 0.8. However, the other four HF-PGW runs show
maller AnPRmin. In HF-PGW-3 and 4 in particular, the spatial mean AnPRmin is smaller than 0.75, or annual precipitation in
 dry year falls below 75% of the mean annual precipitation. These results indicate that water shortage caused by reduced
recipitation could become more severe in the future climate conditions.
The frequency of years with annual precipitation < 85% of the mean annual precipitation in the CTL was  also examined.
he frequency of CTL averaged for the Kanto region is 0.873 (Table 4). The result indicates that annual precipitation in the
TL is < 85% only once or less during the 11 years. In the HF-PGW runs, annual rainfall < 85% occurs more than once. In HF-
GW-3 and 4, a clear increase is recognized. The frequency of years with an annual precipitation < 75% of the mean annual
recipitation is also examined. In CTL, annual rainfall < 75% of the average is found in a limited area, and the spatial mean
requency is very small (0.152). HF-PGW-1, 2 and 5 also produce very low frequencies of such small rainfall amount, but the
ther two HF-PGW runs showed more frequent years with reduced precipitation (more than once). These results indicate
hat low precipitation years will become more frequent in the future than in the current climate.
From winter to spring, precipitation in the Kanto region is light, but water levels in reservoirs are usually replenished
y heavy rainfall during the Baiu season (June–July) and due to typhoons in the summer. Therefore, if precipitation during
hose two seasons is reduced, the risk of water shortages will increase (in fact, water shortage often becomes a problem
uring summer in the Kanto region). We evaluated the accumulated precipitation from the beginning of each year till the
ummer. We  deﬁned a minimum ratio of the precipitation for each year as:AcPRmin = min
(
AcPi
AcP
i, CTL
, i = 182, 243
)
(2)
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Here, AcPi is the accumulation of daily precipitation from Julian day 1 to i and AcPi, CTL is the average accumulated daily
precipitation for the 11 years in the CTL. The period of Julian days from 182 to 243 corresponds to July 1 to August 31 in a
non-leap year. The average AcPRmin values of the 11 years in the CTL are 0.85–0.95 around the Kanto region, and the spatial
average for the region is 0.905 (Table 4). It indicates that, even in a normal year, there is a period with the accumulated
precipitation 10% smaller than the average year. In HF-PGW-2 and 5, the spatial mean AcPRmin for the Kanto region are
comarabe with the CTL (0.892 and 0.901, respectively). In HF-PGW-1, the result is 0.922, indicating a smaller risk of water
shortages in the future under the HF-PGW-1 scenario. In HF-PGW-3 and 4, the results are 0.829 and 0.857 respectively,
indicating that the risks of water shortages will be higher in these future climate conditions. The minimum AcPRmin during
the 11 years is also examined. The result for the CTL is 0.724, indicating that the accumulated precipitation sometimes falls
below 73% of the average around the Kanto region under current climate conditions. Result of HF-PGW-1 is 0.748. However,
in the other four HF-PGW runs, results are smaller than the CTL. These ﬁndings indicate periods in the future climate in
which much less precipitation would accumulate by the summer, which could cause severe water shortages.
Table 5 shows the frequency of precipitation > 50 mm/day at the six locations shown in Fig. 6. In HF-PGW-3, the fre-
quency of precipitation > 50 mm/day is smaller than in CTL at all locations. On the other hand, such heavy rainfall occurs
more frequently at all locations in the other four HF-PGW runs. In HF-PGW-2, the maximum daily rainfall is larger than
in CTL at all locations. However, it does not necessarily increased in the other HF-PGW runs. The ratio of the frequency
in daily precipitation in HF-PGW runs to the CTL are calculated for four daily precipitation intensities, 0–5, 5–50, 50–100,
and > 100 mm/day; values > 1 indicate that the frequency will be higher in the future, and vice versa. The spatial mean values
for the Kanto region are shown in Table 6. For precipitation amounts <5 mm/day, there are no clear variations between the
current and future climate conditions simulated by all ﬁve HF-PGW runs. Results for precipitation of 5–50 mm/day show
clear decreases for all HF-PGW runs except HF-PGW-1; nonetheless, the frequency does decrease over large areas in that
run. For 50–100 mm/day, results vary by HF-PGW runs. Although there are decreasing trends in HF-PGW-3 and −4, the
frequency increases across broad areas in the other three HF-PGW runs. For precipitation >100 mm/day, HF-PGW-3 shows
signiﬁcant decreases in frequency; yet there are clear increases in other four HF-PGW runs, Generally, the frequency of
low daily precipitation and of considerable daily precipitation will decrease and increase, respectively, in the future. Heavy
rainfall over relatively short periods is not beneﬁcial for water resource management. This is because water is released from
reservoirs in advance of heavy rain to prevent ﬂood damage, and because the ratio of surface stream water is large, making
it ineffective for recharging ground water. Therefore, such variations in the frequency distribution of daily precipitation are
unfavorable for water resource management.
The difference of mean annual precipitation between present and future climate conditions did not show common
characteristics among the HF-PGW runs. However, interannual variations (or standard deviations of annual precipitation,
frequencies of years with low precipitation, and magnitude of low precipitation) and changes in daily precipitation frequency
indicate that challenges and difﬁculties regarding water use in the Kanto region will arise as a result of climate change.
4.3. Atmospheric conditions and limited rainfall in future climate conditions
In the previous sections, the frequency of low rainfall years has been shown to increase in future climate conditions,
and the magnitude of low rainfall to increase. To examine the causes of low rainfall under future climate conditions, we
investigated atmospheric conditions around the Kanto region. Fig. 8a shows the mean total precipitation in the region
(138.5◦E-140.5◦E, 35.5◦N-37.0◦N) for May–October, which is the period with most of annual rainfall. Although future varia-
tions in annual precipitation are not signiﬁcant, mean future precipitation for the period of May-October is smaller than at
present. However, only the result of HF-PGW-3 show a statistically signiﬁcant difference. The range in standard deviations
suggests less rainfall in future dry years. Fig. 8 also shows the atmospheric conditions averaged over May–October. Fig. 8b
depicts the difference in potential temperature between 500 and 850 hPa. The results for HF-PGW-4 are comparable to the
CTL, but the values in the other four PGW runs are greater than in CTL. Though statistically signiﬁcant differences in the
average values are found only in HF-PGW-2 and −3, the range of standard deviations indicates potentially greater values in
the future. The larger values indicate a more stable stratiﬁcation, thereby inhibiting the development of convection. Relative
humidity (RH) at 850 hPa is lower in the future climate (statistically signiﬁcant average values are recognized only in HF-
PGW-1 and −5) and the range of standard deviations shows even lower RH in future dry cases. However, RH at 500 hPa does
not show common characteristics in the future. Fig. 8e shows increasing speciﬁc humidity in future climate conditions with
all HF-PGW runs showing statistically signiﬁcant differences. Even in dry years, speciﬁc humidity is greater in the future.
These results indicate that future atmospheric warming is greater than the increase in speciﬁc humidity; therefore, lower
RH conditions are produced in the future.
Table 7 shows rainfall, RH at 850 hPa, and the difference of potential temperature (q) between 500 and 850 hPa for the
Kanto Region. Values are totals or averages for May–October each year. In Table 4, low rainfall is deﬁned by values smaller
than the average minus 1 in the CTL (or 1183 mm). Low RH and large   are deﬁned as values smaller/larger than 74.3%
and 22.3 K, respectively. Low precipitation years occur more frequently in HF-PGW runs. Lower RH years and larger 
years are also more frequent in the future. In 25 low precipitation years, 16 (or 64%) are associated with lower RH, and 10
(40%) with large ,  or unstable conditions. Ten low precipitation years (40%) are associated with lower RH and four (16%;
2061, 2065, 2069 in HF-PGW-3; 2061 in HF-PGW-5) with large .  In 16 of 24 (67%) lower RH cases, low precipitation is
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Fig. 8. a) Mean total precipitation, b) the difference in potential temperature between 500 and 850 hPa, c) relative humidity at 850hPa, d) relative humidity
at  500 hPa, and e) speciﬁc humidity at 850 hPa. Precipitation is the total amount from May  through October, and other results are averages for that period.
All  results are spatially averaged over the Kanto Region (138.5◦E–140.5◦E, 35.5◦N–37.0◦N), and temporally averaged over the 11-year study period. Shaded
bars  indicate results with statistically signiﬁcant differences from CTL. Error bars indicate the standard deviation.
Table 3
Settings of WRF.
Version of model V3.4
Cloud microphysics Purdue Lin Scheme
Cumulus parameterization Betts–Miller–Janjic Scheme
Long- and short-wave radiation RRTMG Scheme
Land surface scheme Monin–Obukhov with Carlson–Boland viscous sub-layer scheme
f
i
K
d
t
r
a
a
a
F
tLand model Noah Land Surface Model
Planetary boundary layer scheme Yonsei University Scheme
Simulation length 6 months and 10-days for spin-up
ound. On the other hand, 8 of the 26 (31%) unstable conditions (larger ) are related to low precipitation. These results
ndicate that low RH will have a larger effect on frequent low rainfall years and extremely weak precipitation around the
anto Region. However, 5 of 25 low precipitation cases (or 20%) were not related to either low RH or large , so a more
etailed investigation is necessary in order to understand this mechanism.
Fig. 9 shows the results of a composite analysis of vertical wind speed at 500 hPa averaged for May-October. Results show
he difference between the average of low rainfall years in Table 3 and the average of the 11 years in CTL. In all the PGW
uns, downward anomalies are found on the south coast of the Japan Islands. Such atmospheric characteristics are found
lso in the lower troposphere, but are more clearly recognized around the middle troposphere. The downward anomalies
re statistically signiﬁcant in all HF-PGW runs. Downward anomalies prevent the development of convection. Therefore,
tmospheric conditions with anomalous downward winds are intimately linked to low precipitation. Fig. 10 is the same as
ig. 9 but for a geopotential height at 850 hPa. All the HF-PGW runs show statistically signiﬁcant positive anomalies around
he Japan main island, thus lower atmospheric pressure is higher in the low rainfall years. Especially in HF-PGW-1, 3, and 4,
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Fig. 9. Composite of vertical wind speed at 500 hPa. Results show the difference in the mean vertical wind speed averaged for low rainfall years in each
HF-PGW simulation and for 11 years in CTL. The unit of the color bar is 103 m/s. Areas with statistically signiﬁcant differences are indicated by hatching.
Table 4
Summary of low precipitation conditions. Results are averaged for 138.25◦E-141.0◦E, 35.0◦N-37.35◦N.
AnPRmin Frequency of low precipitation years (times) AcPRmin
<85% <75% Average Minimum
CTL 0.815 0.873 0.152 0.905 0.724
HF-PGW-1 0.824 1.19 0.086 0.922 0.748
HF-PGW-2 0.775 1.82 0.532 0.892 0.714
HF-PGW-3 0.721 4.69 1.20 0.829 0.628
HF-PGW-4 0.729 3.97 1.49 0.875 0.622
HF-PGW-5 0.775 1.50 0.376 0.901 0.695
Table 5
Frequency of heavy rainfall >50 mm/day and the maximum daily rainfall. Values larger than those of CTL are indicated by bold font.
CTL HF-PGW-1 HF-PGW-2 HF-PGW-3 HF-PGW-4 HF-PGW-5
Chichibu Freq. (−) 66 85 92 50 68 84
Max.  (mm/day) 197 225 399 197 391 238
Hannou Freq. (−) 66 99 91 62 76 90
Max.  (mm/day) 263 284 474 253 179 269
Kamiyoshida Freq. (−) 61 85 87 54 68 93
Max.  (mm/day) 250 155 340 130 304 217
Mitsumine Freq. (−) 88 114 105 75 108 114
Max.  (mm/day) 242 177 493 183 330 277
Saitama Freq. (−) 57 86 85 55 58 85
Max.  (mm/day) 232 260 360 239 362 354
Tokorozawa Freq. (−) 64 95 90 61 72 98
Max.  (mm/day) 269 261 513 289 215 264
clear anti-cyclonic anomalies are recognized. Convective activity can weaken under high pressure anomaly conditions. More
stable and higher-pressure conditions will prevent the generation and development of convection in low rainfall years in
the HF-PGW runs. It is indicated that atmospheric divergence can be formed in the lower troposphere and cause decreases
in RH due to adiabatic heating.
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Table  6
The ratio of the frequency of four daily precipitation intensities in HF-PGW runs to CTL. Results are averaged for 138.25◦E-141.0◦E, 35.0◦N-37.35◦N.
Ratio of the frequency of daily precipitation in HF-PGW runs to CTL
0–5 mm/day 5–50 mm/day 50–100 mm/day > 100 mm/day
HF-PGW-1 1.01 0.96 1.19 1.28
HF-PGW-2 1.04 0.84 1.23 1.87
HF-PGW-3 1.05 0.87 0.92 0.86
HF-PGW-4 1.03 0.90 0.96 1.30
HF-PGW-5 1.03 0.89 1.18 1.69
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dig. 10. Composite of geopotential height at 850 hPa. Results show the difference of the mean geopotential height averaged for low rainfall years in each
F-PGW simulation and for 11 years in CTL. The unit of the color bar is m.  Areas with statistically signiﬁcant differences are indicated by hatching.
. Discussion and conclusion
In this study, a HF-PGW dynamical downscaling method with a numerical weather prediction model was  applied to the
anto region of Japan, and future changes in precipitation were investigated. Simulation of the current climate overestimated
recipitation, but the spatial distribution and seasonal progression of the simulated precipitation had similar features to
ctual conditions.
The ﬁve HF-PGW runs did not reveal common characteristics in the variations of mean annual precipitation in future
limate conditions. There was little signiﬁcant variation in future annual precipitation around the Kanto Region. Generally,
tmospheric temperature and speciﬁc humidity increased in the future for all HF-PGW runs, but such similarities were
nsufﬁcient to produce similar precipitation variations in the HF-PGW runs. The differences in the increased magnitudes,
patial distributions, and other factors such as sea surface temperatures and pressure distributions complicate meteorological
rocesses, leading to uncertainty in the mean annual precipitation.
Future variations in standard deviations indicate an increase in the range of interannual variation in annual precipitation
round the Kanto region. Under such conditions, water shortages in a year with low precipitation would be more severe than
nder current climate conditions, evident in the future minimum annual precipitation results. Furthermore, an increasing
requency of low precipitation years was produced in multiple future climate scenarios, which highlights the issue of water
hortages under conditions of global warming.
In the Kanto region, there is a clear seasonal difference in precipitation (i.e., rainy summers and dry winters). Future
ariations in precipitation accumulated by summertime indicate that there will be periods with very little precipitation,
hich could reduce dam impoundment. In addition, the HF-PGW runs showed a decreasing number of weak precipitation
ays and an increase in heavy precipitation. Such variations are not beneﬁcial for effective water resources management.
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Table 7
Precipitation (PR), relative humidity at 850 hPa (RH), and difference of potential temperature () between 500 hPa and 850 hPa for the Kanto Region. Values are totals or averages for May–October in each year.
Underlining indicates values smaller than the average minus 1 in CTL for PR and RH. For , values larger than the average plus 1 in CTL are indicated by underlining.
CTL HF-PGW-1 HF-PGW-2 HF-PGW-3 HF-PGW-4 HF-PGW-5
PR RH  PR RH   PR RH  PR RH  PR RH PR RH 
2000 1728 77.6 21.6 1272 76.3 22.6 1235 74.7 23.5 835 74.2 22.5 1334 73. 6 22.0 134474.9 22.4
2001 1312 76.2 22.1 1201 73.8 22.1 1208 73.7 22.7 1024 75.6 22.8 1426 78.2 22.1 106275.7 22.6
2002 1382 75.4 21.5 2144 75.5 21.7 836 73.3 22.9 738 74.6 22.1 889 75.0 21.4 109575.7 22.3
2003  1111 79.0 22.7 1433 69.8 22.9 1353 76.5 22.7 812 72.3 22.1 1592 75.3 21.8 165576.8 21.8
2004  1303 75.2 22.2 1411 74.7 21.4 1934 76.5 23.4 1023 74.6 22.0 1095 72.0 21.6 126974.8 22.3
2005  1513 76.5 22.0 1269 77.3 22.2 1401 74.6 23.3 971 76.1 22.4 1006 71.9 22.2 95473.6 22.0
2006  1275 77.6 22.1 1312 73.2 22.6 1601 77.1 23.1 1240 75.1 22.6 812 72.8 21.8 142276.3 22.4
2007 1124 75.2 21.9 900 73.4 22.6 1512 75.3 23.2 736 72.9 21.8 769 76.5 22.2 120974.4 22.5
2008 1330 76.8 22.0 1157 73.4 22.6 936 73.6 23.0 998 73.4 22.0 1058 75.2 21.8 123572.5 21.6
2009  1292 71.9 21.2 935 70.7 21.8 1036 73.7 23.7 687 74.5 22.6 1462 73.0 21.7 84471.8 22.1
2010  1584 75.4 22.0 1780 76.1 22.5 1334 74.8 22.5 1282 70.5 22.3 1642 76.9 22.3 119573.0 22.1
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vig. 11. Climatological 6-hourly variation in air temperature 2 m above the Earth’s surface averaged for 125◦E−150◦E, 30◦N−45◦N. Results show the
eparture of the 6-hourly climatological air temperature from the daily mean value of each day.
The results of this study indicate that variations in annual precipitation will not have a signiﬁcant effect on water resources,
ut that seasonal dependence and changes in precipitation patterns could aggravate factors that make water management
ore problematic. For future planning and management of water resources, such conditions should be considered.
Future atmospheric conditions in the Kanto region appear to have lower RH in the lower troposphere and more sta-
le atmospheric stratiﬁcation than in the current climate. Moreover, lower rainfall years were often found in association
ith lower RH and/or a more stable atmospheric stratiﬁcation. In addition, composite analyses showed downward velocity
nomalies and higher-pressure anomalies around Japan. To understand the frequent formation of such sub-synoptic scale
tmospheric conditions, larger-scale (or, synoptic scale) analysis is necessary.
In Section 2, interannual variations in the AOGCMs were compared to the reanalysis data. Here, amplitudes of high-
requency perturbation in AOGCMs and the reanalysis are discussed. Fig. 11 shows the climatological diurnal variation
f T2m, indicating the departure of climatological 6-hourly T2 m from the climatological daily mean value for each day.
he range of the diurnal variation is from −1.5 to 2.0 in the reanalysis. Results of MRI-CGCM3 are similar to that of the
eanalysis. However, the ranges of diurnal variations in other AOGCMs are smaller than in the reanalysis. Though such
maller amplitudes may  cause smaller diurnal variations in HF-PGW conditions than in the reanalysis, HF-PGW conditions
an directly affect the boundary conditions after the start of the simulation. At the same time, Done et al. (2015) indicated
hat the difference of perturbation in a reanalysis and an AOGCM could be recovered in a downscaling simulation. Thus, the
ffects of the smaller amplitude diurnal variation are expected to be small. However, Xu and Yang (2012) proposed a bias
orrection method to modify such differences in amplitude by using the amplitude ratio between the AOGCM and reanalysis,
nd showed better results with modiﬁcation of the amplitude. At the same time, as stated in Section 2.2, the HF-PGW method
ould include frequencies and lengths of extreme events projected by AOGCMs into DDS results. Therefore, combined use
f this modiﬁcation method and the HF-PGW method is worth investigating. To investigate the appropriateness of these
ethods, it is also useful to implement downscaling of conditions by combining climatological monthly reanalysis data
nd high-frequency anomalies in the present climate results of AOGCMs. Amplitude or interannual, seasonal, and diurnal
ariations can be directly examined by comparison between the downscaling result of the original reanalysis data and the
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high-frequency AOGCM based anomalies for the present conditions. However, large computational capacity is necessary to
do that, and it diminishes an advantage of the PGW method (one downscaling result of present climate is enough to compare
to future downscaling results with multiple PGW conditions). This veriﬁcation is recommended when enough computational
capacity is available.
We used climate projections under only one climate scenario (i.e., RCP4.5). For a more comprehensive analysis, other
scenarios should also be used. In addition, to improve the reproducibility of the downscaling result for the current climate, the
frequent re-initialization method for a numerical weather prediction model could be used, as proposed in Lo et al. (2008).
As is the case for climate scenarios, the study period is an important factor in the assessment of climate change. Eleven
years were selected in this study for both current and future climate conditions (2000–2010 and 2060–2070), so that mean
conditions in the two periods could be compared. However, these periods may  not be sufﬁcient to investigate the effects of
decadal or inter-decadal variability. Longer period downscaling (for example, 30 years) is proposed for examining the effects
of decadal/inter-decadal variations in global warming. In addition, spectral nudging in a dynamical downscaling is another
powerful technique for improving the reproducibility of current climate conditions. Using such methods, the characteristics
of HF-PGW conditions would be reﬂected more directly by the downscaling result, and thus the effects of global warming
seen in HF-PGW conditions could be examined more accurately.
We  used global warming projections from ﬁve different AOGCMs for preparation of the HF-PGW conditions, because the
application of a multi-model ensemble is indispensable for assessment of the future climate. From a technical standpoint,
more climate model outputs should be used for this preparation in order to reduce uncertainties. However, the evaluation
of the model performance and AOGCM selection are also important. Knutti et al. (2010) discussed how to optimally combine
the outputs from multiple AOGCMs in CMIP3, and they suggested that considerable improvement could be expected with
ensembles of as many as ﬁve models. They noted that an ensemble degrades when poorly performing models are included.
Some studies have investigated biases and dependence across different AOGCMs in CMIP3, and concluded that the effective
number of models was much smaller than the actual number used for investigation (Jun et al., 2008; Pennell and Reichler,
2011). It was also noted that, depending on the application, it would be appropriate to weight the AOGCMs according to
regions and seasons (Gleckler et al., 2008; Tebaldi et al., 2005). In future studies, AOGCM selection and the development of
methods to evaluate multi-model downscaling results would be an important subject for research.
In this study we also addressed the possible effects of precipitation changes on water resources. The increase in the
number of days with heavy rainfall would boost the frequency of ﬂoods. Therefore, the risks of ﬂoods in the Kanto region
under future climate scenarios should be researched. Hydrological models are invaluable in ﬂood analysis, and the high
spatial and temporal resolution of the downscaling results presented herein would be very useful for such analyses. Changes
in climate also have considerable effects on ecological systems, and these downscaling results would be useful in applications
including the assessment of small-scale ecological and biological systems.
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